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ABSTRACT 

We have surveyed the 30 Myr-old cluster NGC 2547 for planetary debris disks using Spitzer. At 
4.5-8 fim we are sensitive to the photospheric level down to mid-M stars (0.2 Mq) and at 24 //m to 
early-G stars (1.2 M©). We find only two to four stars with excesses at 8 fiui out of ~400-500 cluster 
members, resulting in an excess fraction <1% at this wavelength. By contrast, the excess fraction at 
24 /im is ~40% (for B-F types). Out of four late- type stars with excesses at 8 two marginal ones 
are consistent with asteroid-like debris disks. Among stars with strong 8 /xm excesses one is possibly 
from a transitional disk, while another one can be a result of a catastrophic collision. Our survey 
demonstrates that the inner 0.1-1 AU parts of disks around solar- type stars clear out very thoroughly 
by 30 Myrs of age. Comparing with the much slower decay of excesses at 24 and 70 /zm, disks clear 
from the inside out, of order 10 Myr for the inner zones probed at 8 fim compared with a hundred or 
more Myr for those probed with the two longer wavelengths. 

Subject headings: infrared: stars — circumstellar matter — planetary systems: formation — open 
clusters and associations 



1. INTRODUCTION 

The 5 to 50 Myr age range is critical for tracing the 
formation of terrestrial planets. At the beginning of this 
range, protoplanetary disks are ending their lives, the gas 
has mostly escaped the system, and the remaining mate- 
rial is in the form of solid bodies that d o not yet approach 
planetary scale dM ever et al. 2006; Hernandez ct al.l 
[2005: .Pascucci et al . 2006; Siciha-Aguilar ct al. 2007). 
By the end of the range, planetary embryoes thou- 
sands of kilo meters in size have formed in the inne r 
few AU zone (|Chambersl[200ll : lKenvon fc Bromlevll2006n . 
They are capable of stirring up smaller bodies and 
creating coUisional cascades, forming debris disks that 
might take a number of f orms, such as a single ring 
(|Kenvon fc Bromlevll2004al ). or of numerous rings in the 
presence of giant planets th at gravitationally scatter 
and trap dust into resonances (|Moro-Martm fc Malhotral 
[2002). The Earth-M oon system was cre ated in a grand 
collision at this age (jKleine et al.ll2002l ). These debris 
systems are warmed by the central stars and emit in the 
mid- and far-infrared. Therefore, by studying the in- 
frared excess emission of stars over this range of ages, we 
can characterize some features of the early evolution of 
terrestrial planets. 

NGC 2547 is an excellent target to examine the late 
stages of this critical period. It is a rich open cluster 
in the Southern Hemisphere at a distance of 400-450 pc 
fClaria 1982; Naylor et al. 2002). Claria (1982) was first 
to carry out an extensive photoelectric survey (in the 
U BV bands) and determine its main properties. He iden- 
tified 70 members up to F = 13.4™ (B3 to ~K0) and 
estimated the age to be between 30 and 80 Myr from 
the brightest members at the Main Sequence (MS) turn 
off. Despite lying only 8° from the Galactic plane, the 
cluster was found to have only a small amount of red - 
deni ng, E(B - V)=Om ± 0.02. iJeffries fc Tolled (fl998h 
and iNavlor et al.l ()2002D extended the cluster sequence 



further down to V = 20"" (mid-Ms or ~0.2 Mq, accord- 
ing to the models of ISiess et al.l ()2000l )). by carrying out 
a BVI survey within 15' from the cluster center and 
identifying co unterparts to ROSAT sources. Recently, 
iJeffries et al.l ([2004) performed an RIZ survey identi- 
fying members in the substel lar domain (down to 0.05 
Mq). IJeffries fc Tolievl (|1998[ ) inferred an age of 10-20 
Myr from isochronal fitting to the low mass pre-MS pop- 
ulation, at odds with the estimate of ~50 Myr from the 
cluster turn-off (though the latter is defined by only one 
or two stars). The first measurements of lithium deple- 
tion in the K-M members again favored 50 Myr, casting 
doubt on the v alidity of the pre-MS evolu tionary models 
(IJeffries et al.|[2003t lOliveira et al.ll2003D . The age dis- 
crepancy was finally reconciled at 30 ± 5 Myr based on 
more precise observ ations of X-rays with XMM-Newton 
peffries et a l.' '2006 1) and of the Li dep letion boundary 
with the VLT (Jef fries fc Oliveiral [200l . The most re- 
cent UBVRI studv of iLvra et all ([2006f ) confirms a 30- 
40 Myr age range after fitting four independent contrac- 
tion tracks; the distance and reddening from this study 
are on the low side of the previous range of estimates 
(390 pc and E{B -V)= 0.03). 

By comparing the disk population in NGC 2547 with 
clusters and field stars of different ages we can ver- 
ify whether indeed this age corresponds to a high level 
of planetesimal activity, and whether the time-scale 
for inner planet formation differs among stars of vari - 
ous masses. The Spitzer survey of I Young et al.l ()2004D 
demonstrated the lack of dust near the sublimation tem- 
perature for the bulk of members down to mid-K, while 
'--^200 K dust was found for a quarter of the early- 
type members. An ambiguity remained for late K-M 
stars however, where mid-IR excesses were marginally 
detected in a dozen stars. The uncertainty was partly 
due to measurement errors, but also due to low number 
statistics of known members for the empirical determi- 
nation of the photospheric locus in the Spitzer bands. 
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The present study is a re-analysi s of the Spitz e r dat a 
for NGC 2547 first presented in lYoung et all (|2004f ). 
That study was performed early in the Spitzer mission; 
we can now use improved image processing techniques 
and flux calibrations, resulting in more precise photome- 
try. Secondly, to identify debris disks we apply improved 
color-selection criteria developed in the successive studies 
of other clusters , within the framework of the MIPS open 
cluster survey (|Gorlova et al.l 12004 l2006t iSiegler et all 
[2006^. Thirdly, we use a new extended membership list, 
allowing an improvement in the statistical significance 
of the results. We therefore can probe disks around the 
lower mass stars and over the full area covered by Spitzer. 
Finally, we report a multi-slit medium-resolution spec- 
troscopic survey of a subsample of photometric members. 
We improve the spectroscopic membership list for F-M 
stars and confirm chromospheric emission in K and M 
members, a result that was somewhat ambiguous in pre- 
vious studies. 

2. OBSERVATIONS AND DATA REDUCTION 

2.1. Spitzer Photometry 

Spitzer observed a ^ l°-wide area centered on NGC 
2547 with the IRAC and MIPS instruments at 3.6, 4.5, 
5.8, 8.0, and 24 /im central wavelengths. Observations 
of NGC 2547 with IRAC were obtained on Dec 19, 2003. 
The high dynamic range mode survey with integration 
times of 0.4 s and 10.4 s covers about half a square 
degree centered on RA=08:10:13 and DEC=-49:13:25. 
The observation was repeated twice in each position giv- 
ing a total of 20.8 s integration time. The BCD frames 
from the SSC pipeline 13.2 were processed and mosaiced 
using a custom IDL program provided by the IRAC 
team. We then performed photometry for a new mem- 
ber list ([JSI- Source finding and aperture photometry 
for IRAC were carried out using PhotVis version 1.10 
which is an IDL-GUI bas ed photometry visualization tool 
(|Gutermuth et al.ll2004D . The radii of the source aper- 
ture, and the inner and outer sky annuli were at 2.4, 
2.4 and 7.2 arc-second respectively. We converted the 
MJy/sr units to DN/s using conversion factors 0.1088, 
0.1388, 0.5952, and 0.2021 for channels 1, 2, 3, and 4 
respectively. Then we calculated the standard IRAC 
magnitudes using — 2.5 • log{fluxupf/s) + zp where zp 
is 21.9929, 21.2583, 19.0747 and 19.4372 for channels 
1-4 respectively. The zero point term zp includes: 1) 
the zero point of the flux to magnitude transformation 
based on the large aperture measurements of a standard 
star (19.66, 18.94, 16.88, 17.39 mag for channels 1-4); 
2) the aperture corrections to account for the difference 
between the aperture sizes used for the standard star 
and for NGC 2547 photometry (-0.21, -0.23, -0.35 and 
—0.50 mag for channels 1-4); 3) 2.54 mag correction for 
exposure time in the mosaic. Originally we accepted all 
sources with photometric error less than 0.2 mag as good 
detections, then we examined the detected sources visu- 
ally to clean the sample of spurious detections and non- 
stellar objects. However, because the IRAC images were 
obtained with only two dithers, this procedure is limited 
at removing the effects of the cosmic rays. This issue is 
discussed further in §4.11 We compared our photometry 
with the photometry of lYoung et al.l (|2004l ) and found 
that the two datasets agree within the errors. The IRAC 
counterparts of the known members of NGC 2547 were 



found using a 2" matching radius. 

The Multi-band Imaging Photometer for Spitzer 
(MIPS) observed N GC 2547 at 24 on Jan 28, 2004 
l Young et al.l 1200^ . We used the image of lYoung et al.l 
(2004) but re-did the photometry. At 24 fim we per- 
formed PSF-fitting photometry; this approach is pre- 
ferred (compared to the aperture photometry we used 
with IRAC data) because of the good PSF sampling; it 
also helps suppress the effects of the complex background 
at this wavele ngth. The procedure was identical to that 
I Gorlova et al.l (j2006) initially applied to the Pleiades. 
Briefly, we first applied the IRAF package daophot, task 
phot to obtain aperture photometry for the cluster mem- 
bers based on 2MASS coordinates. We used these results 
as input into task allstar with the template PSF con- 
structed from 19 isolated stars in our image with a range 
of brightness. The calibration of the PSF-fitting pho- 
tometry is based on a comparison of it with the aper- 
ture photometry of these isolated, well-measured stars. 
To put instrumental magnitudes produced by allstar 
into the "Vega system" , we used the following conver- 
sion factors: the aperture correction for an aperture ra- 
dius of 3.5 px (1 pixel= 1.247") and sky annulus from 
5 to 10.5 pixels is 0.86 mag; 1 DN/s/px= 1.63742E-06 
Jy/px; [24] = 0™ is equivalent to 7.14 Jy. The allstar 
re-centered coordinates deviate by no more than 2" from 
2MASS coordinates, except for a few of the faintest mem- 
bers and bright extended objects. 

Our Spitzer photometry for optical candidate members 
is given in Tables [T] and |2l Out of 860 objects we detect 
606, 638, 589, 582, and 84 at maximum magnitudes 15.5, 
15.7, 15.4, 15.0, and 11.7 in IRAC channels 1-4 and at 
MIPS 24 /im respectively. We achie ve 3-5 times more de - 
tections and go 1-2 mag deeper than lYoung et al.l (|2004( l. 
Figure [T] shows the Spitzer view of NGC 2547 composed 
of the 4.5, 8 and 24 /im maps. Fig. |2| shows the 8 //m 
image onto which we have overplotted the optical mem- 
bers, those detected at 4.5, 8, and 24 /zm respectively, 
and the subsample we observed spectroscopically. The 
IRAC images have a good match in depth and cover- 
age to the optical surveys (except for a 0.2° NE offset 
of the 3.5 and 5.8 /xm channels from the cluster cen- 
ter). The MIPS coverage is only slightly smaller in the 
NS direction, but confusion with background sources and 
interstellar (ISM) nebulosity limits its sensitivity to in- 
termediate mass members in the center of the cluster. 

2.2. Multi-slit Spectroscopy 

To evaluate the level of contamination of our sample 
of photometrically selected members, as well as to inves- 
tigate the properties of excess sources, we have obtained 
medium-resolution spectra in the red for a number of 
candidate members, covering a wide range of spectral 
types from B to mid-M. These sources are marked by 
open circles in the color-color plots in this paper. 

The observations were performed in two runs in 2005 
with the multi-object spectrograph IMACS on the 6.5m 
Baade telescope (Magellan-1) at Las Campanas, Chile. 
The atmospheric conditions were excellent with seeing 
typically around 0.6". We observed 3 fields with 5 masks. 
Two 15' X 15' fields were centered on the cluster center 
and one was adjacent to the North- West (Table |3l Fig. 
12). For the central fields we created separate masks for 
bright stars {V = 8-13") and faint stars {V = 13-20'") 
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to avoid bleeding from the bright stars in long exposures. 
The faint masks contained 20-30 slits each. About a 
quarter of the spectra were rejected in the final analysis 
due to overlap with other spectra, closeness to chip edges, 
or underexposure. 

We observed with the f/4 camera, 2x2 binning (for 
higher S/N), 6" x 0.7" slits and the 1200 hnes/mm grat- 
ing, at the maximum available angle of 32°. 8 in 1st or- 
der. The spectra were dispersed across 4 chips resulting 
in 3 gaps ^^100 A -wide. The aim was to target the re- 
gion around the Ca II IR triplet at 8500-8700 A at the 
maximum resolution. With a plate scale of 0.22"/binned 
pixel, this resulted in resolution of 1 A (for 0.6" seeing), 
or i? = 8,200 (36 km/s) at the central wavelength of 
8350 A . When reducing the data however we discovered 
that the filter we used transmitted also in the 2nd order, 
contaminating the targeted red region with 3600-4750 
A flux. This affects mostly F-K stars that have strong 
metallic lines in the blue. The effect is reduced at higher 
airmass. We alleviated the order overlap problem by car- 
rying out a spectral analysis relative to several templates 
chosen from the sample itself (as discussed in §3.2p . and 
also with reference to external digital libraries that cover 
both spectral regions. 

We normally observed 3 science exposures, followed by 
quartz flat fields and He-Ne-Ar arcs. Bias frames were 
obtained every other night. The reduction was performed 
with the IMAcS reduction package COSMOS, that per- 
forms alignment of the frames, summation with cosmic 
ray rejection, flat-ficlding, wavelength calibration, sky 
subtraction and 2-dimensional spectrum extraction. Fi- 
nal extraction was performed with the IRAF task apall. 

In total, we extracted spectra for 88 sources, 84 of 
which are in our member lists (Tables [1] [2]). 2MASS 
08093815-4918403 was resolved into 2 objects 1" apart. 
With seeing of 0.6", the wings of the spectral PSFs 
overlap, so we carried out their extraction with reduced 
aperture size. The spectrum of the brighter source was 
given designation "a" , and of the fainter one "b" . One 
more object was resolved into a pair - 2MASS 08100398- 
4913027, but only the spectrum of the brighter star was 
extracted. The companion star is 1.3" NE away, unre- 
solved in 2MASS, and pro bably explains the non-stellar 
flag in I Jeffries et all (|2004f ). 

2.3. Near- Infrared Spectroscopy 

For two solar-type members with strong Spitzer ex- 
cesses, ID 8 & 9, we obtained K-band spectra targeting 
the CO band-head at 2.3 fim to verify that these stars 
are not late- type interlopers. The spectra we r e obta ined 
with SofI (Son of ISAAC; iMoorwood et all JIMl)) at 
the ESO 3.6m NTT telescope on September 5, 2006. We 
used the medium resolution mode {R — 1300) with a 1" 
wide slit. The data were taken by nodding the target 
along the slit. For each target we obtained 4 images of 
150 sec integration each. 

The data reduction consisted of the usual steps: 
flat fielding, sky subtraction, and extraction of a one- 
dimensional spectrum from each frame. Then, we wave- 
length calibrated the spectra with images of Neon and 
Xenon lamps and combined the individual spectra into a 
single spectrum. A B2.5 V star HIP 041781 and a G2 V 
HIP 43141 A were observed for telluric absorption cor- 



rection. Both targets and standards were observed at 
a narrow airmass range of 1.4-1.5. Considering that the 
target stars were expected to be of G-K type, to preserve 
numerous weak atomic lines dominating their spectra, we 
preferred to divide out telluric absorption with a B rather 
than a G-type standard. The K-band spectrum of a main 
sequence B star is ess entially featureless except for the 
Br7 line at 2.166 /im (! Hanson et aIlll996D . which we re- 
moved by continuum interpolation before division. A G- 
type telluric standard was reduced in a similar way and 
served as a reference. The continuum shape of the final 
spectra was straightened with a low-order polynomial, to 
facilitate comparison of line strengths with spectroscopic 
standards from the literature (Sec. 



3. CLUSTER MEMBERSHIP 
3.1. Photometric Sample 

lYoung et al.l (I2004D u sed a sample of 184 stars 
from iNavlor et ahl (l2002f) wit h membership based on 
iD'Antona fc Mazzitellil (|1997D (DM97) isochrones, of 
which 169 were detected at l east in one IRAC band and 
31 at 24 /im. iRieke et al.l (|2005| 1 report 24 /im mea- 
surements for an additional 15 B-A members. Since 
then a deeper and wi der survey has been carried out 
in the RIZ bands by iJeffries et"aD (j2004l ). that cov- 
ers the central area within a 30' radius from the clus- 
ter center, plus two fie lds 60' away. Their J Z sample 
consists of DM97 and iBaraffe et afl ([200l (BCAH02) 
- selected objects (their Tables "A3" and "A2" respec- 
tively). In short, the selection process consisted of find- 
ing for each model a semi-empirical isochrone that best 
fits color-magnitude diagrams of X-ray sources in NGC 
2547 and the brown dwarfs in the Pleiades, and identi- 
fying as members sources that lie 0.25 mag below and 
0.9 mag above this isochrone, which accounts for the 
photometric errors and unresolved binaries respectively. 
For our survey we decided not to give preference to ei- 
ther of the evolutionary calculations and formed member 
sample by including all sources from both tables. The 
brightest stars were saturated in this survey, we there- 
fore complemented it with the "enhanced catalog" from 
iLittlefair et all (l200l ("T able 1") that is a combination 
of the INavlor et alj, (12002^ BVI "wide catalog" with the 
UBV catalog of IClaria (1982). The tables are available 
in electronic form at the Cluster Collaboration's Photo- 
metric Catalog Page^. 

A number of BV-selected candidate members do not 
have RIZ c ounterparts in Table "A2" or "A3" of 
IJeffries et aLl (j2004). They are however listed in their Ta- 
ble "Al" , which contains RIZ photometry for everything 
in the NGC 2547 field. After checking image quality flags 
for these sources, we retained in the main member list 
(Table [1]) those that were omitted apparently because 
of the saturation in the RIZ bands. Those with non- 
stellar designation, flawed photometry due to bad pixels, 
closeness to the CCD edge, or problematic background, 
as well as fainter sources with good RIZ photometry 
but not placed into tables "A2" and "A3" anyway, were 
all moved into a separate table of less probable mem- 
bers (Table |2|). After removal of ^4% of sources without 
2MASS counterpart within 2", the total number of ob- 
jects in the two tables is 860. 

^ |http : //www ■ astro ■ ex . ac ■ uk/people/timn/Catalogues/descr Ipt ion . html] 
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3.2. Spectroscopic Subsample 

Because of the unfortunate overlap of the bhie and red 
regions in our spectra, spectral classification is not triv- 
ial. To interpret the spectra we first plotted them along 
a sequence inV — K color, assuming that members would 
form a monotonic sequence of spectral line strengths from 
which excess members and interlopers might stand out. 
Fig. [3] shows representative spectra along this sequence, 
while Fig. 2] shows spectra of excess candidates O. 
The segments shown contain prominent features used in 
spectral classification. 

We found variability in the strength of the blue spec- 
trum that correlates with the airmass of observations. 
The February observations were obtained at a slightly 
larger airmass and the blue lines are weaker than in De- 
cember. As a result, we can not accurately differentiate 
between late F to K classes based on the strength of such 
classical indicators as Ca II H & K, Balmer lines and 
the G-band. The IR Ca II triple t itself does not vary 
significantly between F-K types (jAllen fc StromI 119951 : 
iCarquillat et all 119971 ). while the weaker Fe I and Ti I 
lines get mingled with metallic lines from the blue. On 
the other hand, we can confidently identify B-A types 
based on the presence of the Pashen series, and M types 
based on the K I and Na I strong lines in the red. Our 
analysis significantly expands the spectral characteriza- 
tion of the cluster population, which previously concen- 
trated on the brightest B-A members and a few K-M 
stars for the Li studies. 

To measure radial velocities, we split our spectroscopic 
sample into four groups that we designate "B-F" , "G" , 
"K" and "M", with 13, 13, 40 and 23 objects respec- 
tively. The names of these radial velocity groups only 
roughly represent spectral types, due to variations in the 
visibility of the blue spectrum. Within each group we 
picked a template to use for cross correlation, requiring 
only for it to be of high S/N and contain no chip gaps or 
bad pixels in the main features of interest. These tem- 
plates are 2MASS 08095066-4912493, 08095109-4859022, 
08101944-4907444, and 08092437-4906282 respectively. 

We measured the radial velocities of these templates 
using 3-6 fines of Ca II, Fe, Ti in the 8500-8700 A in- 
terval with line identifications from lMunari fc Tomasellal 
([1999). We obtained 27.4, 58.0, -20.6 and 21.1 km/s with 
an RMS uncertainty of few km/s. We then used the IRAF 
task f xcor to correlate the template spectra with the ob- 
jects in each group in the same 8500-8700 A region, and 
converted the relat ive wave length shifts into heliocentric 
velocities. Robich on et al.l ([l999) reports the radial ve- 
locity fo^Jhe cluster to be 14.4 ± 1.2 km/s based on 5 
stars. IClarial (119821) 15.4 km/s based on 10 stars, and 
iJeffries. Totten. fc JamesI ()2000[ ) 12.8 km/s ± 0.9 based 
on 20 stars. Since we did not observe radial velocity stan- 
dards, to put our measurements on the absolute scale, 
we averaged our values in the M group (for which we 
achieved the highest accuracy) to obtain 21.7 km/s (with 
RMS= ±3.5 for 22 stars) and then subtracted 8.9 km/s 
from all our values to put them on the same scale as in 
IJeffries. Totten. fc JamesI dlOOO). 

The histograms of these adjusted radial velocities for 
each radial velocity group and for all the groups together 
are plotted in Fig. |5l while the individual values are 
listed in Table [H Two 1 a error bars are shown in each 



panel of Fig. jSj Gabs =2-5 km/s being the uncertainty of 
the standard star velocity determination, and Grei =1-6 
km/s an average uncertainty of the relative velocity be- 
tween the standard and a given star in the group. The 
first error gives the limit on the shift of the entire dis- 
tribution along the x-axis, while the second error con- 
tributes to the width of the distribution. Uabs is taken 
to be the RMS deviation from the mean when measuring 
velocity of the standard from several lines; it compares 
well with the uncertainty of the wavelength calibration 
of the arc lamp spectrum, arei is calculated by fxcor 
based on the goodness of the match of the target and 
the shifted standard spectra; it only exceeds aabs in the 
BF group, due to the cross-correlation of the broader hy- 
drogen lines. The larger Gabs of the G standard is due 
to strong blending with the blue spectrum, which makes 
it difficult to identify clean lines for the radial velocity 
determination. A secondary peak at ^^75 kms~^ in the 
K group is real and most certainly arises from contam- 
inating backgro und stars, as one m ight expect in this 
spectral range. iNavlor et al.l ()2002[ ) estimated that the 
contamination of the BVI sample by background stars is 
negligible, except in the 14.0 <V < 15.5 range where the 
cluster sequence crosses the "finger" of Galactic red gi- 
ants and contamination is predicted to be as high as 40%. 
The combined histogram at the bottom panel does not 
include the 4 earliest type stars with the biggest v sin i 
and discrepantly large radial velocities. It can be used 
to identify as potential non-members stars with radial 
velocity >50 km/s. None of them appears among the 8 
/im excess objects, and only one has a possible 24 /xm 
excess (2MASS 08101474-4912320). 

3.3. Proper Motions 

As an additional constraint on membership, we an- 
alyzed proper motions for our photometric sample. 
The UCAC2 ca t alog and its bright stars supplement 
(jZacharias et al.l l2003l )^ contain measurements for all 
NGC 2547 B-F stars and 86% of G-K stars, but only 
for 6% of M stars (when using a coordinate matching 
radius of 2")^. We fitted each distribution of proper mo- 
tions (in RA*cos(Dec) and Dec) with a Gaussian to get 
a mean of —4.6 mas/yr and 5.7 mas/yr, and a of 5.0 and 
4.8 mas/yr, respectively. Objects with proper motion 
vectors within 10 mas/yr (2a) of the cluster mean have 
been marked as members (flag "Y" in the last column of 
Tables [T] and 12) . Objects more than 10 mas/yr from the 
mean are marked as proper motion non-members. We 
find the proper-motion-confirmed member fraction to be 
95%, 81%, 52%, 77% and 80% among BA, F, G, K, and 
M-type photometric members, respectively. 

4. IDENTIFYING EXCESS CANDIDATES 

4.1. IRAC Excesses 

The four IRAC bands spanning 3-8 /im trace dust from 
the near-sublimation temperature of ^^1000 K to about 

^ Also available via the VizieR Online Data Catalogs 1/289 and 
1/294. 

^ Spectral classes are assigned based on (V — K)o or on ( R — K)o 
color when the former is not ava i lable , following BcsscU fc BrettI 
llT988l) and IKenvon fc Hart manni 111999 ) dwarf calibrations. Red- 
dening E{B — V) = 0.06 and following relations were adopted for all 
NGC 2547 stars: Ay = 3.1E{B - V) = ^fl/0.748 = Ak/0.112 = 
A[5.g]/0.048 = A[8]/0.048 = A[24i/0.0 
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400 K, corresponding to radii within 1 AU for solar-type 
stars. To identify possible 8 fim excesses from the IRAC 
data, we plot sources from Tables [T] and O on the V — 
K vs K — [8] diagram in Figure [6l The large baseline 
of the V — K color results in a monotonic relationship 
between increasing redness and increasingly late stellar 
spectral type. For stars with no excess, the similarity of 
the photospheric colors for a given spectral type results 
in a narrow locus, extending from V — K ^ (for A-type 
and earlier stars) to 5 (early M); the scatter in this locus 
increases for V — K > 5 due to measurement errors. Stars 
to the right of this locus are candidates to have excesses 
at 8 /Ltm. 

We visually examined the quality of the image of each 
object with an apparent 8 /im excess. We removed nine 
objects from the plot because of a nearby companion, 
cosmic ray hit, artifact from a bright star, or a non- 
uniform nebulosity contaminating the 4 px-wide aper- 
ture. One more object (2MASS 08104684-4927452) was 
rejected because it was too faint on the y vs 1^ — X di- 
agram. Four more were not plotted because they had 
non-stellar flags on the RIZ magnitudes. Only one of 
these 14 objects is detected at 24 ^m (2MASS 08100961- 
4915540), and its 24 /zm excess is in question as well, 
due to strong nebulosity. All these sources were omitted 
from Fig. [6l 

A similar diagram was constructed in the R — K color 
(Fig. [7]). We omitted the objects excluded from Fig. 
[6] plus nine additional objects (none of which has a V 
mag) with questionable 8 /im excesses due to poor im- 
age quality. One more (2MASS 08111674-4906564) was 
rejected because it is too faint on the R vs R — K dia- 
gram. Of these 10 objects only one is detected at 24 ^m, 
with only marginal excess due to closeness to the detec- 
tion limit (2MASS 08090351-4909148). Tables [T] and [H 
include footnotes regarding source selection issues. 

The remaining 8 /im excesses were marked with num- 
bers on Figures Eland [71 Excess objects were visually se- 
lected by being >3 a away from the average locus formed 
by the majority of members of the corresponding V — K 
[R — K) color. The 8 /im channel is significantly affected 
by the cosmic ray hits. Since the size of the IRAC beam 
is only about 4 pixels, for faint objects it is sometimes 
difficult to decide whether a detection is real or an arti- 
fact of a cosmic ray hit. However, if an excess is found at 
8 /im, we can expect to detect it also in the 5.8 /tm band. 
We therefore constructed y — vs if — [5.8], i? — vs 
if — [5.8] diagrams (Figs|8l|9]). As can be seen from these 
plots, most faint members with 8 /tm excesses do not 
stand out at 5.8 /fm: ID 3 (2MASS 08104343-4930158), 
5 (2MASS 08085856-4911171), 6 (2MASS 08101041- 
4858052), 7 (2MASS 08093547-4913033), 10 (2MASS 
08104401-4859372), 11 (2MASS 08083389-4907176), 12 
(2MASS 08094287-4903413). To guard against bad pho- 
tometry due to cosmic ray hits, we required an excess in 
faint sources to be apparent at both 5.8 and 8 /tm. In 
the absence of additional information about objects re- 
jected based on this requirement we do not discuss them 
further, wi th the except i on of ID 7, which was already 
noticed by lYoung et al.l ()2004[ ) to have a 24 /tm excess 
and for which we obtained a spectrum. Properties of ID 
7 together with the remaining 8 /im excess objects are 
presented in Table [5l 



4.2. MIPS Excesses 

The cluster has mass segregation, with members above 
2 Mp, (mid-Fs ) all gathered within th e central 20' 
(jLittlefair et all 120031 : [Jeffries et al.l 120041 ). This mass 
limit coincides with the limit for photospheric detection 
at 24 /im, which is at '--^10.8'", or 0.3 mJy (where the dis- 
tribution of [24] magnitudes experiences a sharp down- 
turn). We can achieve excess detections to lower masses, 
but we will be unable to calculate the excess fraction (the 
fraction of stars wi th excess) there. Thus, compared to 
[Young et al.[ ([2004[ ). we are probing the disk fraction at 
24 /tm to a similar (stellar) mass limit. The advantage 
of our study is improved statistics for excess detections 
down to early M stars, due to the larger area covered; as 
a result, we dete ct a few sources wit h excesses even more 
extreme than in [Young efall ([2004[) (g]). 

How do we identify 24 /tm excesses? The cluster is 
young and has a continuum of objects with K — [24] 
bigger than '^O expected from the Rayleigh- Jeans tail 
of the pure photospheric emission for stars earlier than 
early M (Figs. [TO l[TT|) . The non-excess locus thus cannot 
be easily identified from the stars of NGC 2547 itself. We 
therefore use the Pleiades locus as a fiducial. One can see 
that all the NGC 2547 stars fall inside or to the right of 
the adopted non-excess boundaries relative to this locus. 
We regard objects 3 cr to the red relative to the central 
line to have a 24 /tm excess and report them in Table [5l 
To reproduce the Pleiades locus in the R — K color in 
Fig. [Til we used the relati on between R — K and V — K 
for B9-K7 MS stars from [Kenvon k, Hartmainil ([1995D . 
Two new excesses are identified on this diagram, with 
K — [24] between 1.5 and 2 mag. 

The five optically brightest members (B stars) formally 
show excess at 24 /tm, but in all of them the emission is 
extended beyond the 6"-wide MIPS beam, corresponding 
to 2400 AU at 400 pc. This scale is too big for a typ- 
ical debris disk. The behavior was first encountered in 
follow-up studies of ii?v4S'-discovered excesses, and was 
dubbed "the Pleiades phenomenon" . It is explained by 
accumulation of matter around massive stars as a result 
of either mass loss or the radiation pressure exerted on 
the interstellar dust, and should not be confused with a 
debris disk that results from the shattering of planetes- 
imals. Indeed, two bubbles are seen on Fig. [H around 
these "halo" stars. The bigger one in the northern part 
of the cluster is centered on the B5 II member HD 68451, 
and the more compact one in the center of the cluster is 
clearly produced by the B3 IV star HD 68478. We mark 
these stars in Table [H and omit them from the K — [24] 
plots. 

At magnitudes near the detection limit one has to 
worry about confusion with ISM clumps and extragalac- 
tic objects. We examined the images of all 24 /tm ex- 
cess sources. To help the discussion and guide the eye 
on Fig. [ini we split these objects into several groups 
based on y — if (see Table [IJ. Three of the four excess 
sources with V - K 1.6 and if - [24] = 0.6 - 0.9 
have distorted shapes, while 6 sources out of 8 with 
y - if > 2.5 (i? - if > 1.8), K - [24] = 0.6-4 
are at the level of fiuctuations in the nebulosity. We 
therefore call these excesses "possible". We note that 
the region ofT^ — if = 2 — 4is also wh ere contamina- 
tion from background giants is strongest ([Littlefair et al.l 
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[2OOI . Indeed, 2MASS 08101474-4912320, whose mem- 
bership is only based on BVI photometry, has a radial 
velocity > 100 km/s which is much larger than the clus- 
ter mean (i j3.2p . We do not discuss objects from this 
group any further. The images of the remaining excess 
sources however (including the four most extreme ones 
with K — [24] > 3.5) appear symmetrical, and where 
radial velocities are measured, they are consistent with 
cluster membership. We discuss them in 33 

5. PROPERTIES OF THE EXCESS CANDIDATES 
5.1. 8 iim excesses 

Sources with excesses at 8 ^m are rare in this cluster. 
We discuss the characteristics of each of them below. 

ID 1 has only a marginal excess at 8 /im and has a 
border-line one at 24 /im. The RV and proper motion 
are consistent with membership. The weak excess may 
arise from the ISM nebulosity affecting the photometry. 

ID 2 shows only marginal excess at 8 /zm but a sig- 
nificant level in the NIR and at 24 /xm. It is a highly 
probable member according to its proper motion. We 
resolved it into two objects 1" apart. The system is 
entered in the Washingto n Visual Double Star Catalog 
(jWorlev fc Douglasill997D with only three observations 
from 1929-1949, leaving open the question of the physi- 
cal association of the objects. Our spectrum of the pri- 
mary is consistent with late A7-A9 reported in the lit- 
erature, and the radial velocity is close to the cluster 
mean. The secondary has stronger Ca II lines, lacks 
Pa lines and a radial velocity larger by 23 km/s. We 
speculate that it may be a background K giant, which 
would explain the anomalous H — K color of the sys- 
tem. Does the 24 /xm excess originate from the primary 
A type member or the K giant then? We are inclined 
to attribute it to the former since excesses around G-K 
giants are rare ([Zuckermam Kim fc Liul[T995tlJuralll990l : 
iPlets et al]|1997[ ). whi le excesses around A stars of this 
age are v ery common (Rieke et al.ll2005D . 

ID 4 in lJeffries et all (|2003f ) is indicated as a K5 radial 
velocity member with Li absorption and weak chromo- 
spheric emission in Ha (RX 9). It is interesting that 
besides a weak 8 /im excess it also shows a robust excess 
at 4.5 /zm and a marginal one at 3.5 and 5.8 /im. We did 
not obtain a spectrum of it. 

ID 7 is the latest-type member with a robust detec- 
tion at 24 /im, indicating an exc ess of ~3 mag. I t 
was the largest excess d etected in lYou ng et al.l ()2004[ ). 
iJeffries fc Oliveiral (|2005D classified it as an M4.5 radial 
velocity member with no Li. It does not show excess at 
5.8 /im, but has the reddest K — [8] color among late- 
type members (we do not count ID 12 as a reliable de- 
tection). The strong K I at 7699A and Na I doublet at 
8200A in our spectrum firmly rule out the possibility of a 
low-gravit y backgroun d giant fT orres-Dodgen fc Weaver! 
[1993; Schi avon et al] [l997), while our radial velocity 
again confirms membership. The spectrum shows emis- 
sion in US and H7, but higher resolution is needed to 
tell whether the emission is due to a chromosphere or to 
accretion. The 24 /im excess of ID 7 is surpassed by only 
one other candidate M-type member, 2MASS 08090344- 
4859210 (Fig. [TO]). With F24 =1.2 mJy, this source is a 
clear detection despite the expected low mass. It makes 
a close match with ID 7 in optical colors, being only 0.15 



mag bluer in i? — / and V — indicating a spectral 
type of ^M3. Similarly to ID 7, the excess vanishes in 
the shorter IRAC bands. If this object is a sibling of ID 
7, it would mean that stars of ~30 Myr age and ~0.25 
Mq are capable of generating dusty disks even more vig- 
orously than massi ve stars. There is a caveat though. 
IJeffries et al.l (|2004l ) dismiss it as a member based on the 
RIZ photometry. However, it is only 0.05 mag off the 
nearest members on the / vs i? — / and I — Z vs R — I 
diagrams, and is a legitimate member on I vs I ~ Z , V 
vsV — K{R — K, I — K) color-magnitude diagrams. 
With J - H ^ 0.76 ± 0.06, H - K ^ 0.25 ± 0.06 it is 
slightly above other late type members on the J — H vs 
H — K diagram, with errorbars allowing either a dwarf or 
a giant interpretation. Spectroscopy of gravity-sensitive 
features similar to that for ID 7 is needed to resolve this 
interesting case. 

ID iS is a single mid-G member according to the opti- 
cal and NIR color-magnitude diagrams. Our spectrum is 
consistent with this classification and indicates that its 
radial velocity is also consistent with membership. To- 
gether with ID 9, it is unique in that its excess starts 
already at 3 /im. 

ID 9 has the biggest excesses at all IRAC wave- 
lengths and at 24 /im in our survey. It was detected 
already by IRAS; the Serendipitous Survey Catalog 
einmann et al.l Il986l ) contains a measurement at 25 
/im and upper limits at 12 and 60 fim. The IRAS flux at 
25 /im is in excellent agreement with ours: 0.16 Jy. Ac- 
cording to the VRK color-magnitude diagrams, it could 
be an equal-mass binary late-K dwarf. Our spectrum 
is consistent with this classification. The radial veloc- 
ity of -1-29 km/s is consistent with membership, being 
within the HWHM from the cluster value in its radial 
velocity group (Fig. jS]). The only notable difference be- 
tween it and the other members with similar colors is 
the shallower and broader lines, indicating faster than 
typical rotation with v sin i > 20 km/s (see Fig. 4 in 
iJeiffries. Totten. fc JamesI (|2000[) ). Its iJ - color of 0.3 
mag is however more characteristic of a mid-M dwarf. 
We can rule out the latter classification with our spec- 
trum. It appears therefore that ID 9 has an IR excess 
starting at 2 /xm and rising all the way to 24 /im. 

The fraction of 8 /im excesses for all sources in Tables 
[1] and m except for those with peculiarities discussed in 
footnotes is <5% (0/20), <7% (0-2 out of 28, depend- 
ing on the marginal cases of IDl and ID2), 1.5% (1/68), 
1.0% (2/208), and 0.4% (1/227) for BA, F, G, K and M 
stars respectively. When discarding proper motion non- 
members and applying the proper motion membership 
fraction found in §3.3l to those without proper motion es- 
timates, we obtain correspondingly <5% (0/19), <9% (0- 
2/23), 2.6% (1/(35+7x0.52)), 1.2% (2/(143+30x0.77)), 
<0.6% (<l/(8+216x0.804), depending on whether ID7 
is a proper motion member or not). Summarizing, we 
find the 8 /im excess fraction at 30 Myr to be ~1% for 
the intermediate-mass to low-mass stars. Among four 
detected 8 /im excesses two (ID 4, ID 7) are weak and 
two (ID 8, 9) are highly significant; three of them also 

Though high membership probability for M stars in NGC2547 
is based on only 21 stars with kno wn proper motions , it wa s con- 
firmed in the RV and Li study of IJeffries fc Oliveiral II2005I) with 

three times larger sample. 
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have detected 24 /xm excesses. 

5.2. 2Ji. \im excesses 

Excesses at 24 /um are far more common than at 8 ^m. 
There are 27 objects in Table [S] that show excess at the 
former but not at the latter wavelength. To compare 
NGC 2547 to other (mostly older) clusters, we compute 
the fraction of members with 24 ^m excess. As we have 
seen, by (V — K)o 1.4 we start missing members in 
the MIPS band, while the identified excesses are prone 
to confusion with unrelated sources and nebulosity. We 
therefore calculate the excess fractions below this limit. 
In the range —0.2 < {V — K)o < 0.7, corresponding 
to '^B8-A9, 8 out of 18 highly probable members with 
good photometry show excess, resulting in an excess frac- 
tion of 44%. Adding 2 possible members of which one 
has excess (triangles on Fig fTO]) results in 45% (9 out of 
20). All these sources are also proper motion members, 
except for non-excess 2MASS 08094610-4914270, which 
however qualifies as member based on the Tycho Cata- 
log measurement^. In the range of 0.7 < {V — K)o < 1.4 
, F0~F9, the excess fraction among the highly proba- 
ble photometric members is 33% (7/21) and the same 
(33%) with addition of 3 possible members (8/24). Ex- 
cluding 4 proper motion non-members, all of which are 
non-excess stars, increases the excess fraction in F stars 
to 40% (8/20). 



found in the literature. It is also possible that some of 
the transition-li ke SEDs may actua l ly belong to young 
debris systems llCurrie et all l2007at iFurlan et all BoOTt 



IHernandez et al.ll2007l: iRhee et al.l l2007f) 



6. DISCUSSION 

6.1. Evolution of 8 micron excess 

The inner accretion disks have been extensively studied 
at 2-4 /xm already from the ground, and the colder de- 
bris d isks at 24-7 fim in the recent large Sp itzer surveys 
(e.g. iKim et a l. 2005; Rickc ct al 2005; Br vden et all 
120061 ISu et"ani2006 ; Mevcr et al. 2007 )). Recent Spitzer 



studies are also starting to put together a picture of the 
evolution of inner disks probed at 8 fim. 

Emission at 8 /im traces dust hotter than ~300 K, cor- 
responding to distances of ~1-10 AU around G-A stars, 
and ~0.1-1 AU around M-K stars. Non-detection of 8 
/Ltm excess in the majority of NGC 2547 members signals 
a thorough cleaning of hot dust by 30 Myr. Assuming 
that grains emitting at 8 /zm are astronomical silicates 
with a dust temperature of 350 K, grain density of 2.5 g 
cm~^ and a radius of 10 /zm, a 8 /zm excess of 0.1 mag 
around A-F type stars corresponds to a dust mass of 
~ 10~^MMoora, and ~ 10~^MMoon for an excess of 0.15 
mag around G to early-M stars in NGC 2547. 

Excess at 8 /im is generally found in young stars si- 
multaneously with excesses at shorter IRAC bands and 
at 24 /xm, implying presence of optically thick primor- 
dial disks. Stars with colors close to photospheric in 
the shorter IRAC bands but with excesses starting at 
~8-10 fj,m are less frequent. In stars several Myr old 
such disks are called "transition", meaning they can be 
in the evolutionary state from prirnordial to debris (e.g., 
iHartmann et al.ll2005al: iLada et al.ll2006D . The reduced 
emission in the IRAC bands is interpreted as either grain 
growth/settling or clearing by the dynamical effects of 
giant planets. Depending on the excess at longer wave- 
lengths, further subdivision of transition disks can be 

^ Available via the VizieR Online Data Catalog 1/250. 



IHern andez et al.' (2006^) surveyed 60 B-F stars in the 
two Orion subassociations OBlb (5 Myr old) and OBla 
(10 Myr old). They found two 8 /xm excesses in the 
younger group (one arising from the accretion disk 
of a Herbig Ae star and another from a massive de- 
bris), and one excess in the older group (from a Her- 
big Ae star), resulting in 8 /xm excess fractions among 
hot st ars of 9% and 5% at 5 and 10 Myr respec- 
tively. iSicilia-Aguilar et all ()2006 !) studied two clusters 
in Cepheus 0B2 association. Among 21 B-F stars with 
8 /xm measurements in the 4 Myr old Tr 37, two show 
excesses, only one of which may be due to a dusty disk 
(the other star is of the classical Be type). In the 10 Myr 
old NGC 7160 2 out of 68 stars show weak 8 /Ltm excesses. 
These fractions, 5-10% at 4 Myr and 3% at 10 Myr are 
quite consistent with the Orion results, indicating a fast 
decline of 8 /xm emission in massive stars. The fraction 
of G-M stars with measured 8 /xm excess is much higher: 
~60% (of which 15% are classified as transitional) in Tr 
37 and 5-8% in NGC 7160 (1-2 of excesses are transi- 
tional and the other one is primordial). 

[Megeath et al. (2005) studied 15 K-M stars in the r/ 
Chameleon 5-9 Myr association. They found 6 to have 
excesses at the IRAC bands (excess fraction 40%), five of 
these are accr etors, one not. No ne of the two A members 
shows excess. iLow et al.l ([2005h summarize SEDs for the 
8-10 Myr old TW Hydrae association. Among 22 K-M 
members, 3 show excesses at 8-10 /xm, two of which are 
from primordial disks (TW Hya and Hen 3-600) and one 
from a debris dis k (HD 98800AB), resu lting in an excess 
fraction of 14%. ICurrie et all (|2007b D found in the 13 
Myr-old double cluster x & ^ Persei 8 /xm excesses in 1- 
3% of the intermediate-mass stars and up to 4-8% in the 
solar-r nass stars (at the ir comp leteness limit of 1.2-1.4 
Mq). ISilverstone et al.l (|2006D surveyed 74 solar-mass 
(G-mid-K) young nearby stars with IRAC and MIPS. 
They found 5 stars with IRAC excesses, all of them from 
optically-thick disks; all are younger than 20 Myr. The 
excess fractions are 14^7^ % and 2^2 % for the 3-10 Myr 
and 10-30 Myr bins respectively. 

Although there is some scatter (probably in part due 
to statistical uncertainties in relatively small samples), 
these studies agree on a dramatic overall decay in 8 /xm 
excess incidence over the first 20 Myr of stellar evolu- 
tion. Beyond this age such excesses become very un- 
common, and based on the dynamic arguments of the 
grain survival time are expected to have debris ori- 
gin. At 30 Myr among -500 B-M stars in NGC 2547 
we identify 4 with IRAC excesses, two of which are 
only m arginal, while the othe r two are extremely strong 
(t lOl) . iMamajek eFall (|2004l ) studied 14 F-M members 
of the 30 Myr old Tucana-Horologium association and 
found none with 10 /im excess, resulting in an excess 
fraction <7%. The less homogeneous Spitzer studies of 
field stars have yielded only a few d iscoveries of hot disks 
beyond 30 Myr. IChen et all (|2006D obtained Spitzer IRS 
spectra for 59 nearby mostly B-F stars with IRAS 60 
/im excesses. They found 7 at ages <10 Myr, 2 at ages 
20-50 Myr and 2 at 500-1000 Myr (C Lep and 77 Crv) to 
have 8-13 /im excess (in amount ^10% above the photo- 
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spheric flux). From a similar s tudy of 41 main sequence 
F5-K5 stars iBeichman et alJ (|2006[ ) found another two 
(HD 69830 and HD 72905), only one of which is older 
than 1 Gy r, resulting in an excess fra ction of 2.5% among 
old stars. Uzpcn ct al. (2005, 2006) searched the MSX 
and the GLIMPSE Spitzer Legacy Program fields in the 
Galactic plane for excess due to hot circumstellar disks. 
They found ~50 such candidates among B-K field stars. 
Unfortunately we can not include them in our analysis 
due to the lack of information about their ages, but a 
signifi cant proportion show signs of youth (Uzpe n et al.l 

mmt) . 

As we have seen, unlike the shorter IRAC wavebands, 
the 8 ijui excess can trace both primordial and debris 
material, and therefore should be used in combination 
with other diagnostics to interpret its overall decay with 
age. The above studies indicate an inside-out evolution 
for primordial disks. The inner-most parts of the disks 
(within few stellar radii), as traced by the NIR photom- 
etry and spectroscopic signatures of accretion, clear out 
on a time scale of ~3 Myr, with the disk fraction falling 
by 10 Myr to a few percent for solar-mass stars and essen- 
tially to zero for intermediate-mass ones. Excess at 6-8 
/xm holds longer, being at a level of 5-10% for low-mass 
stars at 10 Myr and dropping to 1% by 30 Myr. The evo- 
lution of debris disks is more slowly, with a c haracteristic 
time s cale of 150 Myr for t he 24 /im excess (|Rieke et al " 



time s cale oi lou iviy r lor t ne /im excess iiKieKe et ai 
2005[ iGorlova et all [200l iSieder et all 120061 : iSu et"ai 
20061 ) and ~400 Myr for 70 /zm (|Su et all2006( l. The col- 



lisional cascades beyond 10 Myr are maintained with the 
formation of the large icy bodies in the outer disk that are 



2001 iKenvon fc Bromlevll2004bL [2005F [Hernandez et al 



capable to steer leftover planetesimals (jDominik fc Decin 

' file 



2001 . Unlike 24 /im excess, 8 /xm excess does not show a 



secondary peak after first few Myrs, and is less frequent 
among B-A stars. This behavior may imply a rapid de- 
pletion of the material within 1 AU, inhibiting planet 
formation and the corresponding debris stage in this ra- 
dial zone. Even if planets do form in a few Myr, as rare 
cases with inner holes suggest, the end process of planet 
formation in this zone must lead to the rapid dissipation 
of smaller bodies to inhibit coUisional cascades (e.g., due 
to the absence of icy b odies or because of t he rapid in- 
ward planet migration (jBurkert fc Idall2006l )). 

6.2. Transitional disks at 30 Myr? 

De-reddened spectral energy distributions of NGC 
2547 sources with 8 /xm excess are presented in Fig. [121 
First we over-plot Kurucz models with effective temper- 
atures corresponding to the expected spectral types and 
sub-giant gravity, normalizing them to fit the observa- 
tions in the J band. The fiux beyond 10 /tm was ex- 
trapolated with the Planck function. As one can see, 
photospheric models match the SEDs of the excess stars 
well from 0.4 (B band) to 2 /im (K), with only a slightly 
worse fit for ID 7 (M4.5) with strong molecular features. 
These fits confirm that excess emission is present in all 
Spitzer bands in ID 8 and 9, and starts at 8 /tm in ID 
7, a result we obtained previously from empirical color- 
color diagrams. We fit the excess emission with a series 
of black bodies, by varying the temperature and the nor- 
malization factor. The best fits together with the frac- 
tion of the excess flux relative to the photospheric value 
r (= Lexc/ L^Boi) are given in Fig. [121 Foi' comparison. 



we also show the median SED for the low-mass stars 
with optically-thick disks in the 1-2 Myr-old Taur us re- 
gion (jP'Alessio et al.lll999t [Hartmann et al.ll2005al) . We 
could not obtain a satisfactory single-temperature fit for 
ID 9, so a 250 K black body curve is shown for reference 
only. For ID 4 the small IRAC excesses and the low up- 
per limit on 24 /im flux require temperature for excess 
emission of no less than 1000 K. The best fit is achieved 
with a maximum possible temperature of 1500 K, cor- 
responding to dust sublimation temperature. While the 
fractional excess luminosities of ID 4 and 7 place them 
in the range of typical debris systems, the luminosities 
of ID 8 and 9 are too big, suggesting that at least ID 9 
must have an optically-thick disk. 
Three possibilities exist to explain the excesses of ID 

8 and 9: 1) the disks are transitional, evolving from pri- 
mordial to debris (as seen in the smaller IRAC excesses 
compared to Taurus), 2) a catastrophic collision occurred 
between two planetary-size bodies, 3) these objects are 
background post-MS stars experiencing mass-loss. 

The 3.5-5.8 /tm colors of both ID 8 and 9 are con- 
sistent with colors of classical T Tau stars (CTTS) 
(jHartmann et al.ll2005af l. The 8 and 24 /tm excesses of 
ID 8 are also more characteristic of CTTS and only rarely 
observed in weak T Tau stars, while the excesses of ID 

9 are extreme even for CTTS (Padgett et al. 2006). De- 
spite big mid-IR excesses, the two stars however lack 
strong excess in the NIR (ID 8 has none). They also 
lack emission for example in IM and the Ca II triplet 
in our spectra. These are characteristics of transitional 
disks where gas accretion has ceased and dust has dis- 
sipated from the inner 0.1 AU, but primordial dust at 
larger radii is still present. The question is whether the 
30 Myr age of the cluster is widely discrepant with this 
interpretation. The typical ages of T Tau and transi- 
tional disks are a few Myr. On the other hand, K- 
band excess m ay persist at the le vel of few perc ent at 
ages of 10 Myr ((Hillenbrandll2005t iBonatto et al]|2006f) . 
The cases of gas accretion beyond 10 Myr are rare but 
also exist, the most famous being a low- mass Classical 
T Tau star St 34 in t he Taurus, whose Li ag e is at least 
25 Myr according to [White fc Hillenbrandl (l2005l) and 
iHartmann et al.l ()2005bf ). They suggest that the long- 
lived accretion is maintained due to binarity of this star 
with sub-AU separation. ID 8 does not appear to be 
a binary though. The nearby associations like TW Hya 
and rj Cha present the best examples of how diverse disks 
can be at 10 Mvr dlow et al.l[2005l : lRiaz. Gizis. fc Hmiell 
l2006t iMegeath et al.ll200'5fr Considering that our study 
is one of the first that explore disks at 0.1-1 AU at the 
20-40 Myr age range with good statistics, we can not 
dismiss the possibility that ID 8 and 9 may be the oldest 
known transitional disks around solar-mass stars. 

Interesting, NGC 2547 is at a similar era when the 
Earth-Moon system formed. It is believed that the 
Earth-Moon system resulted from a giant imp act be- 
tween the proto-Earth and a Mars-sized body (jCanupl 
|2004[ ). After the impact, it is thought that the proto- 
Earth accreted less than 5% of a current Earth mass from 
the impactor, while ~30% of the impactor mass was va- 
porized and escaped. Only 1.5 to 2 Mmooti of material 
stayed bound to the proto-Earth orbit, forming a disk 
around the Earth that eventually consolidated into the 
Moon. We have explored whether such a giant impact 
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might be responsible for the infrared excess we observe 
around ID 8. Using an optically thin disk model with the 
assumptions of constant surface density and a power-law 
grain size distribution (AA^ ~ a~^-^Aa) of astronomical 
silicates, the 8 and 24 /im excesses are consistent with a 
disk with an inner radius of ~0.1 AU (dust sublimation 
radius for 0.1 /xm grains) and an outer radius of ^1 AU. 
A wide range of grain size distributions can yield reason- 
able fits to the data, but all the fits require a dust mass 
on the order of lO^'^ Mjv/oon- The mass we derived here 
is a lower mass limit of the total material around ID 8 
since we used an optically thin model. In addition, the 
mid-infrared observations do not trace the population of 
large (km-size) parent bodi es. Following th e same ap- 
proach as for HD 69830 bv iBeichman et all (|2005D . we 
estimate a total mass of parent bodies on the order of 
3-10 Mmooti, assuming the maximum size of the parent 
bodies is 1 to 10 km. 

Could ID 8 & 9 be interpreted as background inter- 
lopers with dusty envelopes? Indeed, ID 9 is in the 
region of the cluster color-magnitude sequence that is 
most strongly contam inated by Galactic G-K giants 
(jLittlefair et al.l I2003D . ID 8 is not, but it comfort- 
ably lies among dusty evolved stars on the [3.5] — [8] 
vs. [8] - [24] diagram of the LMC field in lMeixner et all 
([2006). Despite their big mid-IR excess, the H — K ex- 
cess in ID 8 and 9 is much weake r compared with the 
AGB stars ([Buchanan et al.ll2006D . Perhaps ID 8 and 
9 then belong to a rare class of the first-ascent G-K 
giants where IR excess originates from a shell thrown 
off a s a result of a mixing event i n the stellar inte- 
rior (|de La Reza. Drake, fc da Silval 119961 : iDrake et al.l 
I2005D ? CO first-overtone bands at 2.3 nm can be used 
to probe the background giant explanation for ID 8 and 
9 from low-resolution spectra. This feature appears at 
spectral type mid-G and strengthens at lower tempera- 
tures. It is also strongly gravity-sensitive, for the same 
spectral type being deeper in supergiants and giants 
(log q < 3) than in dwarfs {log q ^ 4.5') pO einman n et al] 
[l98a [Wallace fc Hhlkia [l997l: llvanov et al. 2004 ). Ac - 
cording to the evolutionary models (Siess et al. 20001 ). 
G-K stars in NGC 2547 are close enough to the Main 
Sequence to have dwarf gravities within a few tenths of a 
dex; therefore, the CO band should be weak in them. In 
Fig. [T3]we show our K-band spectra of ID 8 fc 9 overplot- 
ted on the spectra of field stars from iKleinmann et al.] 
(1986)'', and a spectrum of HIP 43141 A obtained and 
reduced by us in the same manner as ID 8 fc 9. The 
spectra of ID 8 fc 9 lack strong features, consistent with 
G to mid-K spectral types expected from observed col- 
ors and negligible extinction in the cluster. ID 8 shows a 
weak but distinctive Br7 line, indicating an earlier SpT 
than ID 9. ID 9 in turn clearly shows a CO(2,0) band- 
head at 2.294/im, which best compares with the K5 dwarf 
61 Cyg A. Despite residual telluric noise in that region, 
we can firmly rule out any possibility for ID 8 fc 9 to be 
common late K - M giants. However at this low reso- 
lution we can not exclude possibility of ID 8 fc 9 being 
mass-losing G supergiants, with simultaneously shallow 
Br7 and CO lines due to filling emission and residuals 
induced in the telluric correction process. Such stars are 



however extremely rare (jOudmaiier et al.lll995f) . In sum- 
mary, the near-IR spectra of ID 8 fc 9 are consistent with 
a mid-G and mid-K dwarf types respectively, supporting 
their membership in the cluster. 

7. CONCLUSIONS 

We have extended the survey of lYoung et all (pOOl ) of 
the circumstellar disks in the 30 Myr old cluster NGC 
2547 to include the newly identified members over the 
entire 1.5° x 1° area covered by Spitzer. Among ~600 
B-mid-M probable members (corresponding to masses 
down to 0.2 M0) where we are sensitive to the photo- 
spheric level, only 4 stars show convincing excesses in the 
IRAC bands, corresponding to an excess fraction <1%. 
This behavior is in striking contrast with the 24 /xm ex- 
cesses exhibited by 30-45% of the B-F members. 

Of the four 8 fim excesses, two are marginal and have 
SEDs consist ent with debr i s disk s (around an M4 dwarf 
discovered bv lYoung et al.l (|2004f ) and a K5 dwarf). The 
other two members have strong 8 /j,m excesses. One is a 
mid-G dwarf with SED consistent with a massive hot de- 
bris disk, perhaps the result of a giant impact. Another 
is a mid-K dwarf whose SED is more consistent with an 
optically-thick disk, though with depressed 2-6 /xm emis- 
sion compared with the average SED of a CTTS. Though 
we do not find signatures of gas accretion in our spectra 
of these two stars, spectroscopic investigation at higher 
resolution is needed to confirm the transitional nature of 
these disks. We identify another possible mid-M mem- 
ber with excess starting between 8-24 /xm; if confirmed, 
it will be one of the few know n M dwarfs o lder than 20 
Myr with mid-IR excess dSiegler et al.ll2006l ). 

Our survey provides the best evidence to date that 
the frequency of the 8 /xm excess that traces the disk 
zone inside '--^l AU around solar- type stars diminishes to 
less than ~1% by 30 Myr. If planetary formation occurs 
inside 1 AU, it must be complete by 30 Myrs. 

Note in proof. The recent paper bv lNaylor fc Jeffried 
(|2006f l obtains a somewhat older mean age of 38.5lg'5 
Myr for NGC 2547 (for a smaller distance of 36ltg^ 
pc). This estimate of the age is within the errors of the 
previous estimates. The conclusions of our paper are not 
affected significantly if we adopt the new age estimate. 
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Institute of Technology, funded by the National Aeronau- 
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TABLE 1 

Spitzer PHOTOMETRY FOR NGC 2547 highly-probable photometric members 



RA ° DEC ° 
(2000, 2MASS) 


V-K 


Rc-K 




± 


[3.6] 


± 


[4.5] 


± 


[.5.8] 


± 


[8.0] 


± 


[24] 


± 


Field 
No. 2 


Star 
No.2 


122.532396 


-48.919441 


99.99 


1.17 


11.62 


0.02 


11.61 


0.00 


11.63 


0.01 


11.66 


0.02 


11.56 


0.03 


99.99 


99.99 


23 


27 


122.532740 


-49.276600 


-0.01 


99.99 


8.43 


0.02 


8.50 


0.01 


8.46 


0.01 


8.49 


0.00 


8.51 


0.00 


7.64^ 


0.04 


9 


8432 


122.534364 


-49.183403 


99.99 


99.99 


99.99 


99.99 


14.99 


0.02 


15.01 


0.05 


99.99 


99.99 


99.99 


99.99 


99.99 


99.99 


13 


1776 


122.534440 


-49.332378 


99.99 


1.16 


11.21 


0.02 


11.18 


0.00 


11.22 


0.00 


11.23 


0.01 


11.16 


0.01 


99.99 


99.99 


8 


15 


122.535073 


-49.012066 


0.29 


99.99 


9.55 


0.02 


9.54 


0.01 


9.64 


0.00 


9.54 


0.01 


9.54 


0.00 


8.43 


0.02 


30 


8420 


122.537235 


-49.261490 


3.28 


2.58 


12.19 


0.03 


12.06 


0.00 


12.13 


0.01 


12.06 


0.03 


12.03 


0.08 


99.99 


99.99 


13 


174 


122.538460 


-49.048122 


99.99 


2.17 


12.27 


0.03 


12.24 


0.01 


12.34 


0.01 


12.22 


0.02 


12.25 


0.04 


99.99 


99.99 


18 


103 


122.538682 


-49.348309 


1.64 


1.27 


10.81 


0.02 


10.82 


0.00 


10.82 


0.00 


10.88 


0.01 


10.81 


0.01 


10.74 


0.16 


8 


19 


122.539099 


-49.015720 


2.06 


99.99 


10.43 


0.02 


10.42 


0.00 


10.59 


0.00 


10.37 


0.01 


10.36 


0.01 


10.35 


0.11 


18 


43 


122.539829 


-48.942863 


99.99 


2.54 


12.22 


0.03 


12.14 


0.00 


12.23 


0.01 


12.21 


0.02 


12.14 


0.04 


99.99 


99.99 


18 


116 


122.540051 


-49.265015 


2.89 


2.24 


11.20 


0.02 


11.13 


0.00 


11.20 


0.00 


11.11 


0.01 


10.97== 


0.03 


10.57 


0.14 


13 


114 


122.541465 


-49.609333 


99.99 


2.67 


11.33 


0.03 


11.21 


0.00 


11.42 


0.00 


11.31 


0.01 


11.28 


0.02 


99.99 


99.99 


3 


32 



122.532396 
122.532740 
122.534364 
122.534440 
122.535073 
122.537235 
122.538460 
122.538682 
122.539099 
122.539829 
122.540051 
122.541465 



-48.919441 
-49.276600 
-49.183403 
-49.332378 
-49.012066 
-49.261490 
-49.048122 
-49.348309 
-49.015720 
-48.942863 
-49.265015 
-49.609333 



PM?3 
Y 
Y 
N/A 
Y 
Y 
N 
Y 
Y 
Y 
Y 
Y 
Y 



Note. — 

Objects from this tabic arc shown as solid circles on Figures fsl [71 fsl f9l flOl ITn except for those with questionable photometry (notes h, c). 

99.99 means no data. The complete version of this table will be in the electronic edition of the ApJ. The printed edition contains only a sample. 

Kg from 2MASS'^ Designations from "Wide catalog" of lNaylor et alj |2QQ2|) or from ''RIZ" catalog of jjeffries et al.| 120041) ^ Proper motion membership flag (Js), N/A: proper it 

h c 
available Extended (lialo-like) sources at 24 fira Excess at 8 fim may be due to c^ontamination of the aperture by a nearby source, cosmic ray or strong nebulosity 
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TABLE 2 

Spitzer PHOTOMETRY FOR NGC 2547 less plausible photometric members 



RA ° DEC ° 


V-K Rc-K 


K 


± [3.6] 


± U.5] 


± [5.8] 


± 


[8.0] 


± 


lU] 


± Field 


Star 


(2000, 2MASS) 




















No. 


No. 



122, 


.716280 


-48, 


.971233 


2, 


.84 


99.99 


11, 


.06 


0, 


.02 


11. 


.02 


0, 


.00 


11, 


.14 


0.00 


11, 


.08 


0, 


.01 


10.98 


0.01 


99, 


.99 


99.99 


18 


490 


122, 


.730125 


-49, 


.443478 


4, 


.84 


99.99 


13, 


.80 


0, 


.04 


13, 


.53 


0, 


.01 


13, 


.47 


0.01 


13, 


.42 


0, 


.06 


13.45 


0.08 


99, 


.99 


99.99 


9 


1394 


122, 


.747649 


-49, 


.142479 


5, 


.12 


99.99 


13, 


.50 


0, 


.04 


13, 


.23 


0, 


.01 


13, 


.19 


0.01 


13, 


.19 


0, 


.06 


13.18 


0.08 


99, 


.99 


99.99 


12 


1176 


122, 


.769807 


-49, 


.054371 


3, 


.96 


99.99 


11, 


.85 


0, 


.04 


11, 


.73 


0, 


.01 


11, 


.64 


0.01 


11, 


.60 


0, 


.02 


11.64 


0.04 


99, 


.99 


99.99 


19 


1086 


122, 


.802249 


-49, 


.093540 


5, 


.60 


99.99 


14, 


.43 


0, 


.07 


14, 


.12 


0, 


.04 


14, 


.09 


0.04 


13, 


.72 


0, 


.11 


13.41<= 


0.10 


99, 


.99 


99.99 


19 


633 


122, 


.803718 


-49, 


.162022 


2, 


.50 


99.99 


10, 


.85 


0, 


.02 


10, 


.80 


0, 


.00 


10, 


.89 


0.00 


10, 


.84 


0, 


.01 


10.81 


0.01 


99, 


.99 


99.99 


12 


137 


122, 


.819776 


-49, 


.115688 


99, 


.99 


4.02 


14, 


.80 


0, 


.10 


14, 


.47 


0, 


.02 


14, 


.36 


0.03 


14, 


.22 


0, 


.10 


13.94 


0.14 


99, 


.99 


99.99 


12 


731"™ 


122, 


.836424 


-49, 


.219448 


1, 


.35 


99.99 


10, 


.69 


0, 


.02 


10, 


.68 


0, 


.00 


10, 


.66 


0.00 


10, 


.71 


0, 


.01 


10.66 


0.01 


99, 


.99 


99.99 


12 


22 
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Note. — 

Objects from this tabic arc shown as triangles on Fig. f^f^fTm except for those with notes. 

For description of columns see Table[3 The complete version of this table will be in the electronic edition of the Ap.J. The printed edition contains only a sample. 

Non-stellar flag in I Jeffries et al.l <2QQ4l l""^ Below the cluster sequence on the V - {V - K) q-c R - {R. - K) diagram - nonmember?'^ Excess at 8 may be due to contamination 

aperture by a nearby source 



Debris disks in NGC2547 



TABLE 3 
Log of IMACS observations 
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TABLE 4 

IMACS SPECTROSCOPY OF NGC 2547 CANDIDATE MEMBERS 
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08091657-4909309 


3.62 


15.92 


0.26 


99.99 


MOe 


M 


99.99 


11 


84 


2:21 


Emission 


08100749-4910447 


3.72 


16.09 


0.07 


99.99 


MOc 


M 


99.99 


16 


92 


2:23 


Emission 


08091025-4902250 


3.74 


15.85 


0.38 


0.27 


99.99 


M 





10 


18 


5:18 


Emission 


08093105-4853166 


3.75 


99.99 


0.04 


99.99 


99.99 


K 


99.99 


89 


28 


5:27 




08094556-4917364 


3.90 


16.12 


0.16 


99.99 


MOc 


M 


99.99 


9 


68 


2:19 


Low S/N 


08102553-4906335 


3.98 


16.56 


0.18 


99.99 


Mlc 


M 


99.99 


16 


80 


2:28 


Emission 


08093685-4914214 


4.00 


15.74 


0.27 


99.99 


Mlc 


M 


99.99 


17 


100 


2:12 


Emission 


08102150-4901339 


4.21 


17.03 


0.21 


99.99 


99.99 


M 


99.99 


10 


27 


5:30 


Low S/N; emiss.? 
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2MASS {V - K)o Vo {K-[g\)o {K - [2i\)o SpT^ RV^ Prob.^ RV* S/N^ Sp. No^ Remarks^ 















group 


% 


km/s 




maskislit 




uouyz^o i-'4:yuDZ(5z 


A 97 


1 7 C\A 


n 1 Q 
u. ±y 


QQ QQ 

yy .yy 




iVi 


QQ QQ 

yy.yy 


Q 

o 


Do 


Z.ol 
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uouyz ioi-'4:yuoO'y:U 


A '^R 




n 9^^ 


QQ QQ 

yy.yy 


QQ QQ 

yy.yy 


iVi 


QQ QQ 

yy.yy 


1 

io 


oD 


9-9^ 
Z. ZO 


Emission 




A AO 


1 7 'iS 


n 1 Q 
u. ±y 


QQ QQ 

yy.yy 


iViiti 


iVi 


QQ QQ 

yy.yy 


1 9 


u± 


9-9Q 

z.zy 


Emission 


nSI 0991 n zlQI 1 9*^0 




1 7 A7 


n A9 


QQ QQ 

yy.yy 




iVi 


QQ QQ 

yy.yy 


99 


(\A 


z.oz 


Emission 


uoiuz luo-^y lu^'to 






U.Uo 


QQ QQ 

yy.yy 


iViOc 


A/T 
iVi 


QQ QQ 

yy.yy 




Oo 


z.oo 


Emission 


08093892-4915051 


4.70 


17.34 


0.19 


99.99 


99.99 


M 


99.99 


16 


61 


2:22 


Emission 


08095429-4908418 


4.71 


18.27 


0.21 


99.99 


99.99 


M 


99.99 


15 


48 


2:37 


Emission 


08085758-4911261 


4.77 


18.16 


0.15 


99.99 


99.99 


M 


99.99 


12 


42 


2:34 


Emission 


08094273-4921168 


4.85 


18.64 


0.22 


99.99 


99.99 


M 


99.99 


11 


34 


2:38 




08091111-4914183 


5.03 


18.19 


0.39 


99.99 


99.99 


M 


99.99 


6 


361 


2:30 




08094499-4906241 


5.06 


18.04 


0.72 


99.99 


M4e 


M 


99.99 


15 


48 


2:35 




08092592-4909585 


5.07 


18.45 


0.03 


99.99 


99.99 


M 


99.99 


8 


43 


2:36 


Emission 


08100063-4853392 


5.24 


99.99 


0.12 


99.99 


99.99 


M 


99.99 


8 


16 


5:31 




08094946-4916189 


5.49 


18.59 


0.36 


99.99 


99.99 


M 


99.99 


17 


47 


2:27 




08093547-4913033 


5.50 


19.55 


0.95 


3.70 


M4.5 


M 


99.99 


11 


28 


2:6 


ID 7 



Note. — A-Iagnitudca dc-rcddcncd assuming uniform reddening of Ay ^ 0.19. Where V is unavailable, we estimated V - K from / — if vs V — K sequence constructed 
for cluster members. Objects sorted according to {V - K)q. Radial velocities and spectra arc not reliable when S/N is low or lines are broad. 

1 2 

Range of spectral types found in the Vizi&B, Rough estimate of the spectral type for use with the corresponding radial velocity template, a combination of the 
actual SpT and the airmass of observation (see i|3.2| '^ Membership probability based on proper motion from fHTas et al.| \'200i\ )^ Heliocentric velocity (as explained in 
JT2t Signal-to-noise of spectrum estimated as the square root of counts in the continuum near S490A Designation of spectrum based on the mask number ( Table fst 

7 

and slit number within the mask ID for stars with 8 ftm excess, their spectra shown on Fig. [4] Emission means emission inside Ca II NIR absorption lines 
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TABLE 5 

NGC 2547 Members with mid-IR Excess 



2MASS Name 


Sp. No 


{V - K)o 


{R - K)o 


{K - [8])oi 


{K - [24])oi 






Remarks^ 


Selected based on 6 


! //m excess: 
















08091401-4904029 


1:17 


0.84 


99.99 


0.14 


0.16 


ID 


1 




08093815-4918403 


1:20a, 1:20b 


0.96 


99.99 


0.11 


0.95 


ID 


2; 


EXC K, [3] 


08090720-4919144 


99.99 


2.76 


2.04 


0.26 


99.99 


ID 


4; 


EXC [4], [5] 


08093547-4913033 


2:6 


5.50 


4.29 


0.95 


3.70 


ID 


7; 


EXC [5] 


08090250-4858172 


5:11 


1.61 


1.25 


1.55 


3.66 


ID 


8; 


EXC [3], [4], [5] 


08101691-4856291 


5:12 


3.10 


2.47 


3.10 


6.99 


ID 


9; 


EXC K, [3], [4], [5] 



Selected based on 24 fim excess: 



08092602-4911553 


99.99 


-0.18 


99.99 


0.04 


0.22 


08084981-4913437 


99.99 


-0.04 


99.99 


0.02 


0.17 


08100607-4914180 


1:18 


0.04 


99.99 


0.02 


1.47 


08112585-4912288 


99.99 


0.08 


99.99 


-0.01 


0.70 


08104233-4857253 


99.99 


0.12 


99.99 


0.00 


0.28 


08100841-4900434 


99.99 


0.12 


99.99 


0.00 


1.10 


08110323-4900374 


99.99 


0.57 


99.99 


0.03 


1.08 


08092668-4914371 


1:8 


0.58 


99.99 


0.04 


1.27 


08084571-4923473 


99.99 


0.62 


99.99 


0.00 


0.96 


08111134^4904442 


99.99 


0.71 


99.99 


0.07 


0.54 


08101673-4915173 


99.99 


0.72 


99.99 


0.03 


0.79 


08092293-4907575 


1:15 


1.14 


99.99 


-0.06 


0.60 


08104546-4901068 


99.99 


1.23 


99.99 


0.05 


0.43 


08101836-4906461 


99.99 


1.27 


99.99 


0.01 


0.42 


08094507-4856307 


99.99 


1.27 


99.99 


-0.01 


0.45 


08085576-4923085 


99.99 


1.33 


99.99 


0.00 


0.36 


08090344-4859210 


99.99 


5.37 


99.99 


0.60 


4.62 



Selected based on possible 24 /im excess: 



08104815-4923385 


99.99 


1.51 


1.15 


-0.01 


0.62 




08093456-4920553 


2:13 


1.59 


1.20 


0.03 


0.87 




08110009-4906442 


99.99 


1.59 


1.23 


0.03 


0.84 




08110234^4916249 


4:8 


1.65 


1.24 


0.01 


0.79 




08101474^4912320 


2:7 


2.51 


99.99 


0.12 


0.74 


RV & PM 


08100961-4915540 


2:8 


2.72 


2.12 


0.22 


0.61 




08091758-4859252 


99.99 


2.67 


2.11 


0.09 


0.69 




08125256-4912123 


99.99 


99.99 


2.21 


99.99 


1.48 




08102491-4851482 


99.99 


99.99 


1.83 


0.12 


1.90 


PM NM 


08091770-4908344 


99.99 


5.56 


4.30 


0.64 


3.18 





In bold are colors indicating excess RV: radial velocity; PM: proper motion; NM: non-member; EXC: "excess also at", square brackets denote IRAC wavebands in /L*m 
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Fig. 1. — NGC 2547 color mosaic composed of two IRAC bands and the MIPS 24 fim one. The optically brightest members in the center 
of the cluster are surrounded by extended 24 fim emission, a result of winds and heating of the interstellar cirrus. They also excite the 
7.7 fj,m aromatic feature, seen as the bright green area. Two dashes indicate position of IE) 9, a candidate low-mass member with a strong 
mid-IR excess. 
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Fig. 2. — IRAC 8 fim i mage showing area s urveyed photometrically and spectroscopically in this work. Asterisks: optically-selected 
photometric members from lNavIor et aU I I2002I) and Jeffries ct al. ( 2004,); squares: members detected with Spitzer, diamonds: sources for 
which we obtained spectra. 
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Fig. 3. — Spectroscopic sequence in NGC 2547 based on the representative IMACS spectra of non-excess stars. All spectral segments 
have been normalized to unity at the short-wavelength end and shifted vertically for clarity; horizontal dashes on the right mark the 
level of the zero flux for each spectrum. Spectral features marked in black with the wavelength scale given at top correspond to the 
red light (flux transmitted in the 1-st grating order). Features marked in grey with the wavelength scale on bottom correspond to the 
blue light (unblocked flux from the 2-nd order). Distance bet ween ticks: 10 A on the top sc ale and 5 A on the b o ttom one. The 
wavelength scale is heliocentric. Line identifications are from IMunari fc Tomasellal 11999!) . ITorres-Dodgen fc WeaveH 119931 ). and the 
Digital Spectral Classification Atlas of R. O. Gray. Examples of fast and slow rotation are given for A types, and with and without 
emission in the Ca II lines for K and M types. Colon means that spectral type was estimated based on the V — K color. From top 
to bottom: 2MASS08092958-4906166, 2MASS08095066-4912493, 2MASS08102774-4912095, 2MASS08101292-4914094, 2MASS08101944- 
4907444, 2MASS08093685-4914214, 2MASS08092592-4909585. 
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Fig. 4.— IMACS spectra of some excess stars from Table [5] From top to bottom: 2MASS08091401-4904029, 2MASS08093815-4918403 
(resolved into two components), 2MASS08090250-4858172, 2MASS08101691-4856291, 2MASS08100961-4915540, 2MASS08093547-4913033. 
They compare well with spectra of non-excess members in Fig. |3] 
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Fig. 5. — Distribution of radial velocities in NGC 2547 measured from IMACS spectra relative to the respective template in each spectral 
group. Contamination of K type members by ba<;kground giants can be seen from the secondary peak at 75 km/s. N gives the number of 
spectra in each group. 



22 



Gorlova et al. 



5 - 



Ik 



2 - 



t - 



l.ya' » I I - ' - I III ' ' ' I 



-1 — I — E — 1—1 — I—' — r- 



-1 + 



CO 




i_l I ■ ■ I I I ■ I l_L. 



' ° I ' ■ ' ' ' L. 



T™ — r 



_i i_i I ' I ■ I 



3^ 



Fig. 6. — Color-color diagram (de-reddened) for identifying 8 fim excesses using V — K color to trace photospheric flux. Solid circles: 
BV RI Z -selected NGC 2547 members (from Table [TJ; triangles: B\/-selected possible mem bers (from Table [2ll; open circles: spectroscop- 
ically observed (from Table |4}. The solid line connects seven M3-M6.5 field dwarfs from IPatten et al.l 1(200^ ). V mags are taken from 
VizicR. 



Debris disks in NGC2547 



23 




Fig. 7. — Color-color dia gram for identify ing 8 fim excesses using R — K color to trace photosphc ric flux. Symbols same as in Fig. |6] R 
mags for field dwarfs of Patten et al.l II2006I ) are derived from V — R vs. SpT relation of lKcn von &: HartmannI II1995I) . 
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Fig. 8. — Color-color diagram to confirm 8 fivci excesses in the neigboring 5.8 IRAC band. Symbols same as in Fig. |6] 
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Fig. 9. — Similar diagram as in Fig. |8]but with R — K color. 
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Fig. 10. — Color-color diagram used to identify 24 /im excesses. The solid gray line represents our detection limit at 24 fira. It 
approximates the locus of the non-detected members by assuming their [24] < 10.8™, and so is a reflection of the K vs V — K sequence. 
It shows that we are complete at 24 /im up to y — ii" ~1.3 (late Fs). Objects to the left of this line are either binaries or situated in the 
very clean from nebulosity region. Dashed lines are the non-excess locus ± 3 cr derived for the Pleiades stars (from Gorlova ct al. (2006)), 
which we utilize here to identify excesses in NGC 2547. Symbols are the same as on the previous figures. The triangle at (4.62, 5.37) is 
2MASS08090344-4859210 discussed in ^5J\ 
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Fig. 11.— 



Same diagram as in Fig. llOl but with R — K color. 
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Fig. 12. — Spectral energy distribution s of stars with 8 fim excess. Diamonds: BVRIJHK, IRAC and MIPS 24 /xm derddened photometry 
(Ay = 0.19, extinction coefficients from lMathis 1 1)19901 )): solid line: Kurucz photospheric model spectra with effective temperature T» and 
log g = 3.0; dot-dashed line: photospheric flux plus a black-body flux of temperature Tdisk a^nd fractional luminosity t; dotted line: median 
SED with the quartiles of the distribution for the class II K7-M2 sources in the Taurus. 
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Fig. 13. — SofI spectra of ID 8 & 9 (thin black lines) compared to the spectra of standard stars from iKieinmann et al.l l|1986l) . and to 
HIP 43141A obtained on the same night (thick gray lines). Standard spectra have been smoothed to match the SofI resolution. All spectra 
have been continuum normalized and shifted in the vertical direction (except 7 Dra). The spectrum of ID 8 is consistent with a G type, 
while the spectrum of ID 9 matches a mid-K dwarf. 



